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Offspring provisioning and nest defence are important forms of parental care. In birds, parents that engage in nest defence behaviour have to interrupt nestling provisioning with potentially harmful consequences for offspring growth and condition. To maximize fitness, parents should trade off optimal levels of offspring provisioning versus nest defence, but relatively little is known about how parents allocate their time between these two activities and how parental decisions to postpone provisioning vary as a function of the intensity of nest predation risk. We found that pairs of blue tits, Cyanistes caeruleus, adjusted parental care behaviours according to perceived immediate risk levels by switching from offspring provisioning to nest defence. In the presence of a direct nest predation threat, parents interrupted offspring provisioning for longer than in response to a novel object close to the nest, but still gradually resumed provisioning activity, probably because of a decrease in perceived predation risk over time. By increasing their provisioning effort once the immediate threat had diminished, parents compensated at least partly for the lost provisioning opportunities during high-risk situations. Hence, by adaptively adjusting the temporal trade-off between different parental care behaviours according to the perceived risk, blue tits are presumably able to mitigate potential negative long-term consequences of interruptions in provisioning during high-risk situations for offspring growth and condition. Ó 2013 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier Ltd.
Offspring provisioning systems have become a model for the behavioural study of adaptive parental investment (Clutton-Brock 1991; Royle et al. 2012) , biparental cooperation (Houston et al. 2005; Harrison et al. 2009 ), and parenteoffspring conflict and the evolution of begging signals (Wright & Leonard 2002; Hinde & Kilner 2007; Smiseth et al. 2008) . However, other important aspects of parental care, such as antipredator defence of offspring, are rarely studied alongside offspring provisioning. This is surprising, because these activities should trade off with, or interrupt, provisioning because of limitations in time and energy. Such trade-offs could be critical for adaptive levels of provisioning effort and optimal behavioural responses to changes in conditions (Markman et al. 1995 (Markman et al. , 1996 Rauter & Moore 2004) .
In birds, predation is an important cause of nest failure (Ricklefs 1969) , and birds are able to minimize nest predation risk through plastic behavioural responses towards the actual threat level (Lima 2009; Martin & Briskie 2009 ). Besides nestling provisioning, nest defence is an important form of avian parental care (Shields 1984) , which can range from vocal mobbing from a safe distance to physically attacking the predator, and is assumed to have evolved to reduce losses of nestlings to nest predators (Montgomerie & Weatherhead 1988 ). This assumption is confirmed by numerous studies, showing a positive relationship between nest defence behaviour and nest success (e.g. Greig-Smith 1980; Blancher & Robertson 1982; Markman et al. 1996) .
Even though antipredator behaviour might be beneficial in terms of immediate nestling survival, it also incurs costs for parents and offspring that might depend upon the type of nest predator (Lima 2009 ). For example, nest defence against predators that also prey upon adult birds would represent a relatively high potential fitness cost, because of the additional risk of adult predation. In contrast, the presence of a nest predator that only consumes nestlings represents little direct risk to the parents, but defence might be costly in terms of offspring production because of harmful interruptions to nestling provisioning. Parents therefore face the dilemma of trading off the two mutually exclusive behaviours of offspring provisioning and nest defence. Doing so allows them to maximize the productivity of the current nesting attempt while taking into account effects on their future reproductive output (i.e. the parent's ability to invest in future broods : Trivers 1972) . One way that parents could do this is to adjust provisioning activity over time according to the variation in nest predation risk.
Despite the large number of studies on immediate antipredator nest defence or mobbing, relatively little is known about the temporal patterns of alternative parental care behaviours in different risk situations. For instance, perceived predation risk is expected to differ before, during and after the encounter with a nest predator (Tilgar et al. 2011) . Even during the presence of a predator, the response of the parents should diminish over time owing to adaptive habituation (Rankin et al. 2009 ). Hence, to minimize both the costs of potential nest predation and nestling starvation, parents should allocate different amounts of time to provisioning and nest defence according to the risks involved (Lima 2009 ). During high predation risk situations, parents should reduce nest visit rates and/or engage in vigorous nest defence behaviour, whereas parents should maintain nestling provisioning at a rate closer to normal levels when nest predation risk is relatively low (Martin & Briskie 2009 ). This expectation is confirmed by a number of empirical studies showing that increased risk of predation on dependent offspring can cause parents to reduce their provisioning rate temporarily, if only to reduce the chances of nest detection by the predator (e.g. Ghalambor & Martin 2000 , 2001 Eggers et al. 2005; Fontaine & Martin 2006; Peluc et al. 2008) . However, to understand the temporal trade-off between provisioning and nest defence, we also need to know how the perceived predation threat changes over time, that is, how quickly parents habituate to the threat and resume provisioning the young in the nest.
The temporal trade-off between nest defence and offspring provisioning will also depend upon the underlying mechanisms of predator recognition and the individual discrimination abilities needed to produce adaptive differences in parental responses to different types of predation threat. Predator models have been shown to elicit antipredator responses similar to those of live predators (Curio 1975) , and there has been a long history of investigating (functional) differences in parental responses to different types of model predators (Lima 2009; Martin & Briskie 2009 ). In contrast, engaging in extended nest defence behaviour against a harmless (novel) object is expected to be nonadaptive as it does not increase nest survival, but nevertheless incurs costs in terms of lost provisioning opportunities. To be able to show adaptive behavioural responses to nest predation threats, parents need to differentiate correctly between different levels of threat represented by known nest predation threats versus novel but harmless situations, and to adjust the scale of their response and its decline over time if the situation persists. In this study, we aimed to investigate whether actual predator recognition is involved in driving such parental responses, that is, whether parents behave differently towards a taxidermic model of a real nest predator or whether they merely respond to new objects around the nest (Curio 1975) .
We investigated the responses of provisioning pairs of blue tits, Cyanistes caeruleus, towards a taxidermic model of a great spotted woodpecker, Dendrocopos major. This species is a typical nest predator of Eurasian cavity-nesting birds (Löhrl 1972 ) and can inflict heavy losses on nests (Curio & Onnebrink 1995) . In contrast, it represents little mortality risk to adult birds (Curio 1975) . The typical nest defence behaviour of great tits, Parus major, and blue tits towards the presence of a woodpecker close to their nest consists of extended vocal mobbing (largely 'churr' calls) combined with frequent movements between perches, thereby rarely approaching the predator closely (Onnebrink & Curio 1991) . Parental alarm calls might distract predators away from the vulnerable offspring and/or might warn nestlings about the predation risk (Harvey & Greenwood 1978; Greig-Smith 1980) . We investigated in detail the temporal trade-off between nest defence and provisioning behaviour in blue tit pairs before, during and after an encounter with a model of this potential nest predator. We also explored whether blue tits are able to recognize a potential nest predator by comparing parental responses to a model predator and to a novel but nonthreatening object (a red rubber ball).
METHODS

Study Site and General Field Procedures
The study was carried out during the breeding season of 2011 on a nestbox population of blue tits in southern Germany (Westerholz, 48 08 0 N, 10 53 0 E). The Westerholz forest mainly consists of mature oak trees, Quercus sp. (for more details see Schlicht et al. 2012) , the preferred habitat of blue tits (Gibb 1954) . Adults were caught inside the nestbox during nestling provisioning when nestlings were 9 or 10 days old. Unbanded birds were fitted with a numbered metal band and a unique combination of three colour bands and equipped with a uniquely coded passive integrated transponder (PIT) tag (EM4102 ISO animal tag 134.2 kHz ISO, 8.5 mm Â 2.12 mm, 0.067 g) following procedures detailed by Nicolaus et al. (2008) . All nestlings were banded and measured when they were 14 days old.
Automated Recording of Provisioning Behaviour
Provisioning behaviour of the parents was recorded on 4 consecutive days at 48 nestboxes with automatic nestbox recording devices when nestlings were between 11 and 14 days old. For nestboxes where nestlings were processed less than 2 h before the planned data recording, we collected data on day 15 instead (N ¼ 14 nestboxes), to ensure that nestling processing at day 14 did not affect our measures of control feeding rate. The recording device consisted of an antenna around the entrance hole (PIT tag reader), one light barrier inside and one outside next to the nestbox hole, a power supply and a data logger placed on the ground underneath the nestbox (for technical details see Schlicht et al. 2012) . The sequence of activation of the two light barriers indicated the direction of the movement of a bird, allowing differentiation of entries and exits. Every time the bird passed through the nestbox hole the PIT tag was read, thus determining the identity of the bird entering or leaving the nestbox. However, owing to variation in sunlight reflection, light barriers sometimes did not work properly. Consequently, we checked all recorded data files to determine entry and exit times of PIT-tagged birds. We excluded trials (for a definition of trial see below) with unreliable data (i.e. with more than one nonassigned visit) from the final data set. In total, 33 of 288 control trials, 13 of 144 red ball trials and eight of 147 woodpecker trials were excluded from the analysis, resulting in a total sample size of 2596 visits for control day 1, 2826 for the red ball treatment day, 2394 for the woodpecker treatment day and 2609 for control day 2. We used nest visit rate as a proxy for feeding rate, as there is little variation in prey sizes and nonfeeding visits are rare at this stage in the nestling period (Kluijver 1950; Eguchi 1980; Nur 1984) . Video recordings from 52 nests further showed prey delivery even at the first visit after the experimental presentation of woodpecker models and red balls near the nest, as described below (unpublished data from the same population).
Perceived Predation Threat Experiment
We tested the response of pairs of blue tits towards potential nest predators when nestlings were either 12 (group 1) or 13 (group 2) days old (Table 1) . We did this by presenting a taxidermic model of a great spotted woodpecker (WP) fixed on a wooden, 1.5 m high pole 2 m from the target nestbox with the woodpecker's bill facing the entrance hole. Each experiment included three consecutive 30 min trials: a pretreatment 'control' (trial 1) preceding the experimental treatment (trial 2) and a post-treatment 'control' (trial 3; Table 1 ). We conducted the same test procedure with a red rubber massage ball of 8 cm diameter ('red ball', RB) instead of the woodpecker model on day 13 (group 1) or day 12 (group 2; Table 1 ). The red ball treatment was performed to distinguish between effects provoked by fear of novelty (i.e. changes in the immediate nest environment) from effects caused by the presence of a potential nest predator. Given the identical nature of these manufactured objects, there was no need to use multiple red ball models (as we did with the woodpecker models).
Each nest was randomly assigned to a group in a stratified manner such that half of the nests were assigned to group 1 and 2, respectively. We did this by assigning the first nest randomly to one of the groups, the subsequent nest to the alternative group and then continuing assignment in an alternate order over the days of study. Later analysis revealed that there was no significant effect of test sequence (Appendix Table A1 ) confirming that the latter did not bias treatment effects. We used nine different woodpecker models that were randomly assigned to the experiments to avoid pseudoreplication (Hurlbert 1984) . Woodpecker identity did not significantly affect parental responses (see Appendix), and was therefore not included in subsequent analyses. Via a quick visual and acoustic inspection, we also noted whether one or both parents were present around the nest at the onset and the end of each experimental trial (trial 2) and whether they engaged in nest defence behaviour. In addition to the two experimental (WP and RB) treatments, we also collected 'control data' the day before and the day after the two experiments (Table 1) following the same protocol and at the same time of day. This allowed us to check for any carryover effects of the experiments, over and above any changes that were attributable to simple time-of-day or nestling age effects. Provisioning data of the control treatment days (control 1 and 2; Table 1) were combined into a single control treatment. We also ran all analyses with the two separate control treatments (i.e. with four treatment groups), but this did not change any of the conclusions. We therefore only present results of the simplified analyses. In contrast to the 2 experimental days, where the observer approached the nestbox at the onset and at the end of trial 2 (to install and remove the object), there was no human disturbance during control days.
Behavioural Responses
From the automatically collected PIT tag data, we quantified: (1) the initial 'feeding latency' at the start of each trial, measured as the time elapsed between the start of the trial and the focal individual's first entrance into the nestbox (feeding latency exceeded the 30 min trial duration for individuals that completely interrupted feeding during a trial, see Results); and (2) the temporal pattern of provisioning by extracting the 'intervisit interval' (IVI; the time elapsed between the exit of the previous visit and the entrance of the focal visit for each individual; see Wright et al. 2010) . Note that the first IVI per bird for each trial used the last exit of the previous trial, and so contained some variation because of variation in feeding latency (see above). For cases in which an individual completely interrupted feeding during the previous trial (which was the case for some individuals during the WP and RB presentation, trial 2), we used the last exit of this individual at the trial before (i.e. trial 1), resulting in IVIs exceeding 1800 s. Temporal patterns in IVIs were used to explore to what extent the presentation of a predator model had a negative effect on parental provisioning early on in the trial over and above the initial latency (Ghalambor & Martin 2000; Peluc et al. 2008) . They were also used to reveal any compensatory increases in parental provisioning later on in these trials in response to increased begging of hungry nestlings. (3) From the behavioural observations at the onset and the end of the model presentation, we quantified whether one or both parents engaged in vocal mobbing behaviour, hereafter referred to as nest defence.
Statistical Analysis
Feeding latency
We analysed sources of within-individual variation in feeding latencies using linear mixed-effect models with brood age, sex, trial type and treatment fitted as fixed effects and with random intercepts for nest identity, individual identity, day, trial and date structured in the following way. On each day we applied one of the treatments (C, RB or WP), and within days there were three types of trials (before, during, after treatment application). Trial type, treatment and their interaction were fitted as fixed effects. We fitted random intercepts for each 'day' (defined as the unique combination of experimental day and nest identity: 4 days per nest Â 48 nests À 13 missing days ¼ 179 unique days) to acknowledge that treatment varied at this level. We also fitted random intercepts for each 'trial' (defined as the unique combination of trial type, day and nest identity: 3 trials per day per nest Â 4 days per nest Â 48 nests À 54 missing trials ¼ 522 unique trials) to acknowledge that type of trial (before, during, after) varied at this level. We further fitted random intercepts for 'nest identity' (N ¼ 48); day (see above) was nested within nest, and trial (see above) within day within nest. We further fitted brood age (covariate) and sex (factor) as fixed effects; the random intercepts for day (above) allowed us to estimate the effect of brood age without The red ball (RB) and the woodpecker (WP) model treatments were both carried out on all nests in a random order on consecutive days. Nestboxes assigned to group 1 received the WP treatment first when broods were 12 days old and then RB treatment when broods were 13 days old, with this being reversed for group 2. Control treatments took place 1 day before (brood age 11) and 1 day after (brood age 14) the experimental treatments for both groups. At some nestboxes provisioning data were not available for brood age day 14 and were therefore collected on day 15.
pseudoreplication. Similarly, we fitted random intercepts for 'individual identity' (nested within nest, N ¼ 96) to acknowledge that sex varied at this level. Finally, we fitted random intercepts for 'date' (N ¼ 20) to acknowledge that data from different boxes were partly taken on the same days. The fitted interaction between treatment and trial type was expected a priori because any latency response to the model presentation over and above time-of-day effects should result in treatment-specific differences between trials. Experimental effects were only expected during trial 2 (i.e. direct effects) or trial 3 (i.e. carryover effects), but not during trial 1. We therefore applied three a priori planned contrasts, that is, we compared feeding latencies among treatment groups within each trial (for a summary of the results see also Appendix Tables A2, A3 ).
Temporal patterns in intervisit intervals
We analysed temporal patterns in IVIs using linear mixedeffect models with brood age, sex, trial type and treatment fitted as fixed effects and random intercepts for nest identity, individual identity, day, trial and date as detailed above for the response variable feeding latency. Here, we also added 'time' (defined below) a fixed-effect covariate. IVI was log-transformed in all models resulting in residuals not deviating from a Gaussian distribution. Time was defined as the number of seconds elapsed since the onset of the trial. Since the fixed effect 'time' varied both between and within individuals, and our interest was only in the latter effect, we applied within-subject centering (van de Pol & Wright 2009 ), that is, time was expressed in deviations from the individual's day-and trial-specific mean value. We also ran the model with 'right-centred' time. Time was right-centred by subtracting 30 min from all time values, so that the last IVI of a trial had the time value closest to zero and was therefore taken as the reference category for the comparison of IVI lengths. This allowed us to investigate whether IVIs at the end of experimental treatment trials 2 and 3 differed from those of the control treatment (for a discussion on centering strategies see Dingemanse & Dochtermann 2013 ).
An interaction effect between treatment, trial type and time was expected a priori because any changes in the length of IVI over time as a response to the model presentation should result in treatmentspecific differences between trials. Treatment effects were therefore investigated by fitting a three-way interaction between treatment, trial and time. To interpret this interaction, we performed a priori planned comparisons between temporal patterns of IVIs during the C, WP and RB treatments during pretreatments (trial 1), as well as during the actual treatment (trial 2) and post-treatment trials (trial 3; for a summary of the results see also Appendix Tables A4, A5 ).
In the Results section we show a significant treatment*trial type interaction on how IVI decreased over time. To explore whether decreases in IVIs over time were merely caused by an effect of treatment on initial feeding latency, or whether the treatment also affected the decrease in IVI over and above the effect of the initial feeding latency, we subsequently ran the same model again, but this time with feeding latency added as a fixed effect (for individuals that came back to the nestbox within that trial, see Results). Doing so allowed us to separate temporal patterns caused by the initial response (feeding latency) from those once the birds had resumed feeding. To control for between-individual differences in feeding latencies across days, we again applied within-subject centering (see above), and expressed feeding latency in deviations from the individual's day-specific mean value. For this analysis only, we fitted a four-way interaction between treatment, trial type, time and feeding latency, as well as all lower interaction terms (see Results for rationale).
Cross-context repeatability
To test whether responses to the RB versus WP experiments reflected the same behavioural trait, we calculated the repeatability of feeding latency using linear mixed-effect models with random intercepts for individual and nestbox identity, and fixed effects of treatment (RB, WP), sex and feeding latency of the preceding trial (i.e. trial 1). Control feeding latency (during trial 1) was included as a fixed effect to account for between-individual differences in feeding latency under normal conditions. We also tested for the significance of random effects using likelihood ratio tests. In addition, we retrieved the variance components for individual and nestbox identity. Restricted maximum likelihood (REML) mixedeffects models were fitted using the rptR package, where repeatability was calculated as the between-group variance divided by the sum of the between-and within group variance (Nakagawa & Schielzeth 2010) . All statistical analyses were performed in R version 2.14.2 (R Development Core Team 2012).
Ethical Note
PIT tags were injected subcutaneously between the shoulder blades. The small perforation of the skin was subsequently closed with an absorbent tissue adhesive. The procedure was done by an experienced person, did not cause any bleeding and all birds behaved normally after release. Recent studies have thoroughly investigated the use of PIT tags and found no adverse effects on adult survival and fitness in great tits and house sparrows, Passer domesticus (Nicolaus et al. 2008; Schroeder et al. 2011) . PIT tags have been applied to our blue tits since 2007 without any evidence of long-or short-term effects on adult behaviour or body condition (Steinmeyer et al. 2010) or on nestling survival when implants were fitted 16e17 days posthatch (Schlicht et al. 2012) . Permits were obtained from the government of upper Bavaria and the Bavarian regional office for forestry (LWF; no. 55.1-8642.3-7-2006; 55.2-1-54-2531.2-7-07) . All experiments were carried out in accordance with the German animal protection law and were approved by the animal care and ethics representative of the Max Planck Institute for Ornithology.
RESULTS
Feeding Latency
Behavioural observations during model installation and removal indicated that both parents were typically present during experimental treatments, and that both birds engaged in extended vocal mobbing behaviour and frequent movements in the vicinity of the nestbox prior to resuming offspring provisioning. Both parents were observed engaging in this form of nest defence behaviour at 40 of 48 nestboxes (83.3%) during the WP and at 30 of 48 boxes (62.5%) during the RB presentation, whereas at least one parent was observed mobbing at 47 boxes (97.9%) during the WP presentation and at 42 boxes (87.5%) during the RB presentation.
Analyses of parental feeding latencies (detailed in Appendix Tables A2, A3) showed that neither brood age nor sex affected this response variable. There was a strong trial-specific treatment effect on feeding latency (interaction treatment*trial; Fig. 1 ). To investigate how the treatment*trial interaction effect came about, we examined the estimates between specific combinations of trial*treatment groups. First, feeding latencies did not differ between treatments prior to the presentation of the model (trial 1), although there was a nonsignificant trend for feeding latencies being slightly shorter during the WP than C treatment days (Table A3 , Fig. 1) , implying that parental feeding latencies did at least not differ strongly between experimental days under control conditions. Second, feeding latencies were significantly longer during RB and WP presentations than C treatments (trial 2; Table A3 , Fig. 1) , implying that the presence of the model induced parents to interrupt offspring feeding. This effect was significantly stronger for the WP than the RB treatment (Table A3 , Fig. 1 ), implying that the birds treated the WP and RB differently. This finding came about partly because 40 of 89 individuals (45%) completely interrupted provisioning during the 30 min of the WP experimental trial, whereas only nine of 87 birds (10%) stopped feeding during the RB trial. Third, feeding latencies in the post-treatment trial (trial 3) of the RB and WP treatments were longer than those in the control posttreatments (Table A3 , Fig. 1 ), with this effect tending to be stronger for the WP (Table A3 , Fig. 1 ). Finally, feeding latencies during the RB and WP presentation (trial 2) were longer than those following removal (trial 3; Table A3 ), implying that the response to the object presentation was distinct from the effect of human disturbance.
Temporal Patterns in Intervisit Intervals
Analyses of IVIs (detailed in Appendix Tables A4, A5) revealed no differences in mean IVIs between treatments and between sexes, but IVIs decreased with increasing brood age. During the control treatment, IVIs did not change across the three trials (F 1,4912 ¼ 0.19, P ¼ 0.66), implying that there was no time-of-day effect on parental feeding rates. The predicted three-way interaction between treatment, trial and time (see Methods) was indeed detected (Table A4) experimental and control treatments (Table A5 , Fig. 2) . Second, the presence of an object (RB or WP) in trial 2 caused the IVIs to decrease over time, whereas this was not the case during control treatments (Table A5 , Fig. 2 ). This finding shows that parents gradually increased provisioning activity while the object was present after they had resumed provisioning. Moreover, the change in IVIs over time was more pronounced for the WP than the RB treatment (Table A5 , Fig. 2 ). Third, IVIs during the trial following the object presentation (trial 3) also decreased more steeply over time during the WP and RB treatments than during the control treatments, and during the WP than during the RB treatment (Table A5 , Fig. 2 ). In addition, mean IVIs during trial 3 of the WP treatment were significantly lower than those of trial 2 (Table A5 ). These results imply that the effect of the WP was still present after the object had been removed, with parents continuing to increase their provisioning rates, whereas this effect was much weaker for the RB treatment. The significant treatment*trial interaction on how IVIs changed over time was confirmed in the follow-up model where we controlled for the effect of the initial feeding latency (see Methods). This showed that IVIs decreased over time with increasing feeding latency (interaction time*feeding latency: ß AE SE ¼ À2.82 Â 10 À5 AE 9.70 Â 10 in their provisioning rates. This could either indicate that parents were still hesitant in approaching the nest even after their first return and/ or that they were returning more often later in the trial in response to increased chick begging levels. To test which of these two explanations was supported, we investigated whether the interaction between time and feeding latency was treatmentetrial specific, which was not the case (four-way interaction treatment*trial*time*feeding latency: F 4,9619 ¼ 1.28, P ¼ 0.28). In other words, the effect of latency on subsequent increases in provisioning was independent of whether variation in latency was caused by the experimental treatments or not. This finding strongly suggests that these temporal decreases in IVI (Fig. 2) were driven by compensatory parental provisioning of broods that got hungry as a result of any variation in latency at the start of the trial. Independent of these differences in feeding latencies between treatments and trials, there was a significant treatmentetrial-specific effect on temporal patterns of IVIs (interaction treatment*trial*time: F 4,9037 ¼ 3.48, P < 0.01). This indicates that, over and above the effects of treatment that were caused by treatmentetrial-specific differences in feeding latencies, IVIs during trial 2 of both experimental treatments decreased more over time than in control treatments (trial 2: RB versus C: ß AE SE ¼ À1.87 Â 10 À4 AE 3.84 Â 10
À5
, t 9037 ¼ À4.86, P < 0.0001; WP versus C: ß AE SE ¼ À2.02 Â 10 À4 AE 7.14 Â 10 À5 , t 9037 ¼ À2.82, P < 0.01). There was also a treatment-specific time effect for trial 3, with IVIs showing a significantly steeper decrease over time during the RB and the WP treatments than during control treatments (trial 3: RB versus C: ß AE SE ¼ À9.88 Â 10 À5 AE
Â 10
À5
, t 9073 ¼ À2.98, P < 0.01; WP versus C: ß AE SE ¼ À1.39 Â 10 À4 AE 3.34 Â 10
, t 9073 ¼ À4.15, P < 0.0001). This implies that the relative decrease in IVIs with time ( Fig. 2) was also enhanced by parents being hesitant to enter the box after the first visit of each trial above and beyond delays caused by the first latency (i.e. this hesitancy effect did not correlate with variation in latency within individuals).
The alternative model in which we used right-centering of the time variable (see Methods) revealed that IVIs at the end of trial 2 were lower in the experimental treatments than in controls (trial 2: RB versus C: ß AE SE ¼ À2.07 Â 10 À4 AE 3.43 Â 10 À5 , t 9251 ¼ À6.04, , t 9251 ¼ À5.47, P < 0.0001), indicating that even 30 min after the removal of the models, parents still had not completely compensated for the lost feeding opportunities induced by the presence of the WP and the RB. This effect was stronger for the WP than the RB treatment (trial 3: WP versus RB: ß AE SE ¼ À7.98 Â 10 À5 AE 3.55 Â 10 À5 , t 9251 ¼ À2.25, P ¼ 0.02). This was further supported by the results of a model (detailed in  Appendix Tables A6, A7 ), comparing total number of visits during experimental and control treatments, showing that the number of visits during the WP treatment was significantly lower compared to control and RB treatments, whereas the RB treatment did not differ from the controls (Table A7) .
Cross-context Repeatability
The response in terms of latency to resume feeding in the presence of a novel object and a woodpecker model was repeatable: WP and RB latencies were correlated among individuals (repeatability: r AE SE ¼ 0.37 AE 0.12, N ¼ 81, P < 0.01). This implies that these variables reflect, at least to some extent, individual variation in the same behaviour, which was not sex specific (F 1,40 ¼ 2.54, P ¼ 0.12). In addition, a likelihood ratio test revealed differences between individuals within nestboxes (i.e. differences between the two parents) but no differences between nestboxes. This suggests that the between-individual differences in feeding latency were not caused by sex-specific roles. Individual identity explained 37% of phenotypic variation in the initial response to the novel object (feeding latency), whereas nestbox accounted for less than 1% (residual variation: 63%). At the same time, there was a significant effect of treatment (F 1,70 ¼ 56.12, P < 0.0001) showing that, within the same individual, feeding latencies in response to the WP were longer than those in response to the RB (WP mean -AE SE: 1263 AE 115 s; RB mean AE SE: 457 AE 63 s).
DISCUSSION
This study shows that pairs of blue tits switched between alternative parental care behaviours over time according to the perceived immediate predation risk. Parents interrupted offspring provisioning in the presence of a potential threat and engaged in nest defence behaviour, but gradually resumed provisioning activity over time. The parents subsequently compensated at least partly for lost provisioning opportunities during high-risk situations by increasing their provisioning effort once the immediate threat had diminished. As part of these responses, blue tits differentiated between a potential nest predator and a novel but harmless object in an apparently adaptive manner.
Immediate Responses to Predation Risk
Provisioning blue tits showed similar behavioural responses to a potential nest predator and a novel, but nonthreatening, object. Even though we only quantified provisioning latencies, behavioural observations indicated that in both situations most blue tits immediately engaged in extended vocal mobbing behaviour and frequent movements between perches before eventually resuming offspring provisioning. Apart from effects of the model presentation, the immediate parental mobbing responses could have also been provoked by the approach of the human observer during model installation (and removal). As we do not have a proper control for human disturbance, it is difficult to tease apart these two effects in comparisons between the control and experimental treatments, although any such effects were equalized between the red ball and woodpecker treatments, thereby allowing their direct comparison. Nevertheless, blue tits typically resume normal feeding activity very quickly after a short human disturbance and often continue offspring provisioning when the observer is still within 15 m of the nest (A. Mutzel, personal observation). In contrast, during the experimental treatments the blue tits continued mobbing even after the observer had left. Mobbing may serve several purposes, namely alerting partners and offspring to the potential danger (Greig-Smith 1980; Platzen & Magrath 2004; Suzuki 2011) , distracting the predator's attention away from the nest and even moving it on (Harvey & Greenwood 1978; GreigSmith 1980) , and active exploration of the predator's intention.
Even though parents initially responded to the woodpecker and the novel object in a similar way, they did delay nestling provisioning for a much longer period when confronted with the woodpecker. This finding shows that blue tits continued to consider the woodpecker model as more threatening than the red ball following the initial assessment period. As a woodpecker represents a real threat to the nestlings, such a longer delay in offspring provisioning can be seen as adaptive (see end of previous paragraph). In contrast, mistakenly forgoing nestling provisioning for a long time in the presence of a novel, but nonthreatening, object might incur costs for the nestlings in terms of lost feeding opportunities, while nest defence behaviour against such an object is unprofitable. The initial fear of novelty, however, might still be adaptive if it allows parents to assess first whether the unknown object represents a risk, either to themselves or to their offspring. The decision of when to resume provisioning should therefore be based on the trade-off between the cost of lost nestling provisioning opportunities and the potentially high costs of wrongly judging an unknown predator as harmless.
Blue tits were clearly able to recognize certain features of the stuffed woodpecker that must be specific for this type of predator (or its taxonomic group) with their responses not merely being caused by a general fear of novel objects. Only one other study on wild birds has investigated predator recognition in an offspring provisioning context. In pied flycatchers, Ficedula hypoleuca, Curio (1975) showed that responses towards certain predator-specific stimuli were innate and that, as in our study, the birds also responded to unfamiliar objects, indicating that fear of novelty may also play a role in adaptive nest defence behaviour.
Our study also showed that feeding latencies in trials after the red ball removal were slightly increased compared to controls, although much less so compared to trials following the removal of the predator. This could indicate a carryover effect from the previous trial but might also have been caused by human disturbance during the removal of the object at the end of experimental trials. Human disturbance cannot, however, explain why feeding latencies were longer in the post-treatment trial of the woodpecker compared to the red ball treatment. This result implies that the predator presentation had relatively long-lasting carryover effects.
Temporal Patterns of Offspring Provisioning
Blue tit parents in our experiments resolved the conflict between the need to defend their nest against potential predators and the requirement to supply their offspring with a sufficient amount of food by adjusting different parental care behaviours over time according to the apparent level of predation threat. Even though they interrupted offspring provisioning for a certain period when confronted with a potential nest predator, 55% of the parents resumed feeding activity while the woodpecker was still present and 90% of birds did so in the presence of the red ball. The birds gradually increased their provisioning to levels above that of control treatments by the end of the trial. This gradual increase in visit rate (i.e. reduction in IVIs) represented an expected response towards greater brood demand, gradually overriding the fear of predation as time went on. Presumably, the longer the nestlings were food deprived, the hungrier they became and the louder they should have begged (Cotton et al. 1996) . Future research might reveal whether such increase in offspring need with longer latencies motivated the parents to overcome fear of predation, for example by experimental manipulation of offspring begging. The strong influence of latency variation (independent of treatment) on the subsequent increase in provisioning rates at least suggests a possible role for elevated begging as the mechanism by which parents compensated for lost feeding opportunities at the beginning of all trials. This effect may simply have been magnified by the longer latencies for the woodpecker and red ball presentations.
Over and above initial latencies to resume provisioning and any subsequent compensatory increases in provisioning effort, there was also an additional gradual decrease in IVI length with time that could reflect a true habituation effect to the woodpecker (Rankin et al. 2009 ). This is because the longer a predator (or novel object) is sitting (stationary) in front of the nest without attacking the nestlings (or the parent), the less likely it becomes that it will attack. So, instead of one single interruption to offspring provisioning (reflected by feeding latency) followed by a quick increase in provisioning rate, parents hesitated when entering the nestbox during the first few IVIs of the experimental presentations. With increasing habituation over time, this hesitation faded, thereby creating an even steeper slope of decreasing values over time.
After the removal of the nest predator and after an initial feeding latency at the onset of the post-treatment trial, parental provisioning rates again increased to above normal (control) levels by the end of the trial. This pattern suggests that the higher brood demand caused by the experimental presentation persisted and created a carryover effect from the previous trial. It further indicates that most of the pairs that resumed provisioning during trial 2 still had not compensated sufficiently to return brood demand to pretreatment levels, and any feeding latencies at the beginning of trial 3 created still more additional brood demand to be met. Therefore, at the end of the experiment, provisioning levels were still slightly higher than controls. Had we extended the observations, this increased provisioning effort would probably eventually have returned to control levels. Such adjustments in parental effort mean that relatively short-term interruptions in provisioning (e.g. caused by the presence of predators around the nest) should have few negative long-term consequences for offspring growth and condition. However, if such disturbances occur repeatedly, these same reductions in provisioning rates over time may result in cumulative and potentially harmful consequences for offspring performance (Tilgar et al. 2011) .
The temporal patterns observed during the novel object treatment did not differ qualitatively from those of the woodpecker treatment, even though most effects were not as strong for the former. The parents were apparently able to differentiate between different risk levels and adjust the strength of their behavioural response accordingly. The diminishing responses towards the disturbance by a woodpecker and a novel object further suggest that habituation might have played a role, as weaker stimuli are expected to provoke a more rapid and more pronounced habituation response (Rankin et al. 2009 ).
Our study clearly demonstrates that the birds' additional response towards the woodpecker model was not (merely) caused by an effect of its novelty. The comparison with a conspicuous and truly novel object such as the red ball was more informative in this regard than, for instance, the comparison with a model of another, harmless bird species. This is because only the former allows us to investigate the response to novelty and disturbance around the nest compared to the response to a potential predator.
Individual Differences in Parental Care
We detected between-individual differences in the latency to restart feeding during experimental trials. Individuals that resumed provisioning activity quicker in the presence of a nest predator model also restarted offspring provisioning earlier when faced with a novel object. This shows that the behavioural response towards a potentially threatening object close to the nest is an individual-specific trait, at least in terms of feeding latency. Such between-individual variation in how individuals cope with novel or challenging situations such as predation threats has previously been demonstrated in a wide array of taxa and is now commonly referred to as 'animal personality' (Réale et al. 2007; Dingemanse et al. 2010) . Even though we did not quantify parental behaviours outside the nest, behavioural observations at the onset and the end of model presentations combined with video recordings (from a previous year) strongly suggest that parents engaged in extended vocal mobbing towards the presented object before recommencing offspring provisioning. Nevertheless, we cannot rule out that some individuals also engaged in other activities, such as self-feeding, before restarting to feed nestlings. In addition, not only the duration but also the intensity of nest defence might have varied between individuals. Previous studies have detected consistent between-individual differences in nest defence as well as in provisioning behaviour (e.g. MacColl & Hatchwell 2003; Schwagmeyer & Mock 2003; Kontiainen et al. 2009; Redmond et al. 2009 ). Moreover, individual variation in parental care might also be linked to other consistent behavioural traits, such as aggressiveness or boldness (Roulin et al. 2010) . For instance, aggressive males feed their offspring at a lower rate (e.g. Veiga et al. 2002; McGlothlin et al. 2007 ) and/or invest more in nest defence behaviour (Duckworth 2006) .
Our study did not provide any evidence for a sex-specific trade-off between nest defence behaviour and offspring provisioning. This is in contrast to previous studies on avian parental care that have demonstrated positive within-pair correlations in guarding and provisioning, or a sex-specific division of tasks (male guarding, female provisioning; see Markman et al. 1995 Markman et al. , 1996 . However, the presence of between-individual differences in feeding latencies within a nest together with the finding that there was no variation among nests might still suggest the presence of a division of labour within pairs of blue tits feeding at the same nest.
Conclusions
This study revealed that blue tits adjust different aspects of their parental care behaviour over time to variation in the immediate threat of nest predation. Parents of both sexes interrupted offspring provisioning in the presence of a potential threat and engaged in nest defence behaviour. Differences in the duration of that interruption appeared linked to the possible predation threat, that is, the disturbance, novelty and unknown threat of a red ball versus the realistic ecological threat of a (model) woodpecker. In many cases, pairs gradually resumed provisioning activity, perhaps because the immobile model woodpecker and red ball failed to represent an increased or sustained threat. Parents displayed above-average feeding rates once the immediate threat had diminished. By engaging in nest defence behaviour when predation risk was high and compensating for the lost feeding opportunities during low-risk situations, blue tits appeared to show adaptive plastic shifts in parental behaviour: their behaviour may ensure immediate nestling survival and mitigate potential negative long-term consequences of feeding interruptions for offspring growth and condition. We currently lack formal theoretical treatments to predict precisely (1) the temporal trade-offs between parental behaviours described here, and (2) the circumstances under which sex-specific division of labour would be adaptive. Further studies could also investigate how changes in predation risk affect parental foraging strategies (e.g. foraging locations, rates of self-feeding, and prey types and sizes delivered during and after a nest predation threat), given that variation in predation risk might influence the trade-off between current and future reproduction.
To test for an effect of woodpecker model identity on feeding latency we ran a likelihood ratio test (LRT) using the restricted maximum likelihood method (REML). The LRT was constructed by comparing a linear mixed-effect model containing control feeding latency (during trial 1) as a fixed effect while also fitting random intercepts for nestbox and woodpecker model identity ('model 1') with a similar model where only random intercepts for nestbox were included ('model 2'). The LRT revealed no significant difference between model 1 and 2 (AIC model 1 ¼ 368.24, log L model 1 ¼ 179.12; AIC model 2 ¼ 366.24, log L model 2 ¼ 179.12; LRT ¼ 0, P ¼ 1). We also ran this analysis using Bayesian methods (MCMCglmm package; Hadfield 2010), confirming that the estimate was indeed close to zero (variance explained: 0.3%, 95% confidence interval, CI: 0.01e0.42%). Together, these analyses imply that there was little to no variance explained by woodpecker model identity.
To test for an effect of woodpecker identity on IVIs during trial 2, we also performed an LRT by comparing a linear mixed-effect model containing random intercepts for nestbox and woodpecker identity ('model 1') with a similar model where only random intercepts for nestbox were included ('model 2'). The LRT revealed no significant difference between model 1 and 2 (AIC model 1 ¼ 457.20, log L model 1 ¼ À223.60; AIC model 2 ¼ 455.20, log L model 2 ¼ À223.60; LRT ¼ 0, P ¼ 1). We also ran this analysis using Bayesian methods, confirming that the estimate was indeed close to zero (variance explained: 0.5%, 95% CI: 0.1e2.0%), implying that woodpecker identity did not explain any variance in IVIs. Results of a linear mixed-effects model with BoxeCox-transformed feeding latency as the response variable, experimental treatment, sex and test sequence (1, 2) as fixed effects, and with random intercepts fitted for nestbox, individual, observation period number and date. Only data from trial 2 of the RB and the WP treatment were used to test whether test sequence significantly affected feeding latency during the experimental treatments. Results of a linear mixed-effects model with BoxeCox-transformed feeding latency as the response variable, experimental treatment, trial type and the interaction between treatment and trial type, brood age and sex as fixed effects, and with random intercepts fitted for nestbox, individual, day, trial and date (individual and day were nested within nestbox, and trial within day and nestbox). Results of a linear mixed-effect model with log-transformed IVI as the response variable, with treatment, trial type, mean centred time (within individual, sequence and trial type) and brood age as fixed effects and with random intercepts for nestbox, individual, day, trial, and date (individual and day were nested within nestbox, and trial within day and nestbox). Treatment, trial type and time were also fitted as three-way and all lower term interactions. Results of a linear mixed-effect model with the total number of visits of each treatment as the response variable, with treatment as a fixed effect and random intercepts for nestbox. The total number of visits of each experimental day was calculated as the sum of visits of trial 1, 2 and 3. For the control treatment we averaged the sum of visits for experimental day 1 and 4 (i.e. control 1 and 2). 
